The Paris Agreement points out that countries need to shift away from the existing fossil-fuel-based energy system to limit the average temperature rise to 1.5 or 2 • C. A cost-optimal 100% renewable energy based system is simulated for East Asia for the year 2030, covering demand by power, desalination, and industrial gas sectors on an hourly basis for an entire year. East Asia was divided into 20 sub-regions and four different scenarios were set up based on the level of high voltage grid connection, and additional demand sectors: power, desalination, industrial gas, and a renewable-energy-based synthetic natural gas (RE-SNG) trading between regions. The integrated RE-SNG scenario gives the lowest cost of electricity (€52/MWh) and the lowest total annual cost of the system. Results contradict the notion that long-distance power lines could be beneficial to utilize the abundant solar and wind resources in Australia for East Asia. However, Australia could become a liquefaction hub for exporting RE-SNG to Asia and a 100% renewable energy system could be a reality in East Asia with the cost assumptions used. This may also be more cost-competitive than nuclear and fossil fuel carbon capture and storage alternatives.
Introduction
In December 2015, the annual Conference of Parties (COP) 21 held in Paris, also known as the Paris Agreement [1] was an action-driven event with several concreate achievements [2] . The conference presented several political and business leaders with the opportunity to take the critical decisions needed to keep the average global temperature rise to no more than 1.5 or 2 • C, which finally requires net zero greenhouse gas emissions shortly after the middle of this century [1] . According to Schellnhuber et al. [3] , the 2 • C limit is economically achievable due to rapidly falling costs of renewable energy, particularly solar PV, but is constrained by politics. It is observed that change is happening in energy supply for a lot of countries, but this needs to happen faster. The region of interest for this research is East Asia, which is comprised of Northeast Asia and Southeast Asia, the latter including Australia and New Zealand.
Energy is a key driver for social and economic development, particularly in developing countries where many people have no access to basic forms of energy. Many developing countries have programs to electrify the non-electrified population and at the same time maintain a high level of economic development. Thus, the demand for electricity is growing very fast, particularly in East Asia. According to Taggart [4] , leading up to 2050, East Asia-comprised of China, Japan, the ASEAN states, and Australia-will become the world's largest economy. To keep up with economic development and improve living conditions, there will be a rapid increase in energy needs, which will put our climate 
Input Data for System Optimization
The energy model is built on various types of datasets and constraints [23] :

Historical dataset in the spatial resolution of 0.45° × 0.45° and hourly time resolution for direct and diffuse solar radiation, precipitation amounts, and wind speeds taken from NASA databases [30, 31] and reprocessed by the German Aerospace Center [32] .  For every sub-region, synthetic load data is available on an hourly basis and is based on local data such as gross domestic product, population, temperature, and power plant structure.
The required technical characteristics of all the used energy generation, storage, and transmission technologies.  Financial assumptions such as capital expenditures, operational expenditures, and generation ramping costs of all the technologies. 
The cost of electricity for residential, commercial, and industrial consumers.  Constraints for the minimum and maximum installed capacities for all technologies.  Configuration of regions and interconnections.
According to Gerlach et al. [33] and Huld et al. [34] , the feed in time series was calculated for fixed optimally tilted solar photovoltaic (PV) systems. For single-axis north-south-oriented continuous horizontal tracking, the calculation was based on Duffie and Beckmann [35] . The calculations for the feed-in time series of wind power plants is analogous to Gerlach et al. [33] , for a standard 3 MW wind turbine (E-101 [36] ) and hub height of 150 m. Additionally, the method for calculating geothermal energy potential in the sub-regions can be found in Gulagi et al. [37] . For the additional flexible demand sector of seawater desalination, detailed calculations for the technical constraints and financial cost of seawater reverse osmosis (SWRO) desalination are described in Caldera et al. [38] . Data for industrial gas demand were derived for every sub-region. The industrial gas demand data are taken from IEA statistics [39] .
Applied Technologies
All the applied technologies for the simulation of East Asia can be found in the block diagram for the model, which is presented in Figure 2 . These technologies are divided into four different categories, which are described below: 
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The required technical characteristics of all the used energy generation, storage, and transmission technologies.
• Financial assumptions such as capital expenditures, operational expenditures, and generation ramping costs of all the technologies.
The cost of electricity for residential, commercial, and industrial consumers.
• Constraints for the minimum and maximum installed capacities for all technologies.
• Configuration of regions and interconnections.
According to Gerlach et al. [33] and Huld et al. [34] , the feed in time series was calculated for fixed optimally tilted solar photovoltaic (PV) systems. For single-axis north-south-oriented continuous horizontal tracking, the calculation was based on Duffie and Beckmann [35] . The calculations for the feed-in time series of wind power plants is analogous to Gerlach et al. [33] , for a standard 3 MW wind turbine (E-101 [36] ) and hub height of 150 m. Additionally, the method for calculating geothermal energy potential in the sub-regions can be found in Gulagi et al. [37] . For the additional flexible demand sector of seawater desalination, detailed calculations for the technical constraints and financial cost of seawater reverse osmosis (SWRO) desalination are described in Caldera et al. [38] . Data for industrial gas demand were derived for every sub-region. The industrial gas demand data are taken from IEA statistics [39] . 
Applied Technologies
All the applied technologies for the simulation of East Asia can be found in the block diagram for the model, which is presented in Figure 2 . These technologies are divided into four different categories, which are described below:
• Technologies for converting renewable energy sources into electricity are ground-mounted (optimally tilted and single-axis north-south-oriented horizontal continuous tracking) and rooftop solar PV systems, concentrating solar thermal power (CSP), onshore wind turbines, hydro power (run-of-river and dams), biomass plants (solid biomass and biogas), waste-to-energy power plants, and geothermal power plants.
•
For the generated renewable energy there are different storage solutions used in this model, from short-term to long-term storage. They are batteries, pumped hydro storage (PHS), adiabatic compressed air energy storage (A-CAES), thermal energy storage (TES), and power-to-gas technology. For the synthesis of SNG, PtG includes: water electrolysis, methanation, CO 2 scrubbing from air, gas storage, and both combined and open cycle gas turbines (CCGT, OCGT). The process technologies for SNG synthesis have to be operated in synchronization due to the absence of hydrogen and CO 2 storage. Additionally, there is a 48-hour biogas buffer storage and part of the biogas can be upgraded to biomethane and injected into the gas storage.
The energy bridging technologies used in this model provide the required flexibility to the energy system, thus decreasing the overall cost by reducing curtailment and the use of storage technologies. For example, the gas produced from PtG can be used for industrial gas demand rather than storage for the electricity sector. Similarly, seawater reverse osmosis (SWRO) desalination provides clean water with the use of renewable electricity.
The power transmission between the sub-regions is assumed to be based on high-voltage direct current (HVDC) lines and cables, which are included in the model. However, power transmission within the sub-regions is based on alternating current (AC) and not included in the model. The major component of the power losses in the HVDC lines is due to the length of the transmission lines and in converter stations at the interconnection with the AC grids.
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The power transmission between the sub-regions is assumed to be based on high-voltage direct current (HVDC) lines and cables, which are included in the model. However, power transmission within the sub-regions is based on alternating current (AC) and not included in the model. The major component of the power losses in the HVDC lines is due to the length of the transmission lines and in converter stations at the interconnection with the AC grids. 
LNG Value Chain
Hybrid PV-Wind based SNG generated by PtG plants in Australia can be transferred to Japan or Korea via a LNG value chain. In this scenario, a natural gas storage tank is needed to balance the availability of SNG for the liquefaction plant, in order to minimize the costs of the system. As shown for the LNG value chain in Figure 3 , SNG is firstly cooled down to −162 °C at atmospheric pressure in a liquefaction plant in order to convert it to a liquid phase [40] . The liquefied SNG (also called 
Hybrid PV-Wind based SNG generated by PtG plants in Australia can be transferred to Japan or Korea via a LNG value chain. In this scenario, a natural gas storage tank is needed to balance the availability of SNG for the liquefaction plant, in order to minimize the costs of the system. As shown for the LNG value chain in Figure 3 , SNG is firstly cooled down to −162 • C at atmospheric pressure in a liquefaction plant in order to convert it to a liquid phase [40] . The liquefied SNG (also called LNG) has 600 times less volume, which makes the shipping easier and cheaper. For that matter, specially designed LNG carriers are used, which can keep the LNG in a liquid phase for the long trips with an evaporation (boil-off gas) rate of about 0.1% of volume per day. The boil-off gas can be used in power production on the LNG carriers. At the destination, the LNG is heated up by seawater to bring it back to the gaseous phase. An availability of 95% is assumed for all three parts of the LNG value chain. The regasified SNG is then injected into the pipelines to get it transported to industrial sites or power plants where gas turbines are located. in power production on the LNG carriers. At the destination, the LNG is heated up by seawater to bring it back to the gaseous phase. An availability of 95% is assumed for all three parts of the LNG value chain. The regasified SNG is then injected into the pipelines to get it transported to industrial sites or power plants where gas turbines are located. Typically, the liquefaction plant represents the major cost in this value chain, due to costs of NG pre-treatments and the corresponding efficiency losses. However, an SNG-based liquefaction plant is significantly higher in efficiency and lower in cost [27] . In general, for a SNG cost of about €80-90/MWhth and a moderate sea distance of about 8000 km, the SNG value chain would add about 17% to the cost of delivered re-gasified SNG at destination. This could still be considerably cheaper than locally generated SNG in Japan or Korea, where there are fewer excellent solar and wind resources and additional land availability constraints.
Assumptions for East Asian Regions

Structure of the Grid and Subdivision of the Region
East Asia is divided into 20 sub-regions. The criteria for the creation of sub-regions are population distribution, electricity consumption, and national electricity grid structures. The subregions are formed by combining different countries, regions, and provinces, as shown in Table 2 . The different sub-regions and the grid connection between them are shown in Figure 4 , which includes interconnections within the countries (shown by solid lines) and between the countries (shown by dotted lines). Also included is the RE-SNG shipping connection between West Australia and Korea (Seoul), Japan (Tokyo), and East China (Shanghai). Typically, the liquefaction plant represents the major cost in this value chain, due to costs of NG pre-treatments and the corresponding efficiency losses. However, an SNG-based liquefaction plant is significantly higher in efficiency and lower in cost [27] . In general, for a SNG cost of about €80-90/MWh th and a moderate sea distance of about 8000 km, the SNG value chain would add about 17% to the cost of delivered re-gasified SNG at destination. This could still be considerably cheaper than locally generated SNG in Japan or Korea, where there are fewer excellent solar and wind resources and additional land availability constraints.
Assumptions for East Asian Regions
Structure of the Grid and Subdivision of the Region
East Asia is divided into 20 sub-regions. The criteria for the creation of sub-regions are population distribution, electricity consumption, and national electricity grid structures. The sub-regions are formed by combining different countries, regions, and provinces, as shown in Table 2 . The different sub-regions and the grid connection between them are shown in Figure 4 , which includes interconnections within the countries (shown by solid lines) and between the countries (shown by dotted lines). Also included is the RE-SNG shipping connection between West Australia and Korea (Seoul), Japan (Tokyo), and East China (Shanghai). 
Scenarios for East Asia
The different scenarios are chosen based on energy system development options and level of grid integration:

Region-wide scenario, in which the regions are independent of each other and have no interconnections so that the demand for electricity is covered by the respective region's own generation capacity.  Area-wide scenario, in which the energy systems of the regions are fully interconnected.  Integrated scenario, area-wide scenario plus SWRO desalination and industrial gas demand, where PtG technology is used not only as a storage option but also for covering the industrial gas demand. This increases the flexibility of the system. In addition to the full geographic integration scenario, individual regions separated according to the limits of NEA and SEA were simulated for studying geographic integration benefits.  RE-SNG trading scenario, connection lines between West Australia (liquefaction hub) and East China, Korea, and Japan.
Financial and Technical Assumptions
The model optimization for the year 2030 is carried out on an assumed cost basis and the state of technology for that particular year. The financial assumptions are given in the Supplementary Materials (Table S1 ) for all the energy system components. The HVDC transmission lines and converter stations are given as net transmission capacity (NTC) for the year 2030. The weighted 
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Integrated scenario, area-wide scenario plus SWRO desalination and industrial gas demand, where PtG technology is used not only as a storage option but also for covering the industrial gas demand. This increases the flexibility of the system. In addition to the full geographic integration scenario, individual regions separated according to the limits of NEA and SEA were simulated for studying geographic integration benefits.
• RE-SNG trading scenario, connection lines between West Australia (liquefaction hub) and East China, Korea, and Japan.
Financial and Technical Assumptions
The model optimization for the year 2030 is carried out on an assumed cost basis and the state of technology for that particular year. The financial assumptions are given in the Supplementary Materials (Table S1 ) for all the energy system components. The HVDC transmission lines and converter stations are given as net transmission capacity (NTC) for the year 2030. The weighted average cost of capital (WACC) is set to 7% for all scenarios, but for residential PV prosumers WACC is set to 4% due to lower financial return requirements. The technical assumptions for the simulation are presented in the Supplementary Materials (Tables S2-S4 ). The numbers are related to energy to power ratios for storage technologies, efficiency for generation and storage technologies, and power losses in HVDC power lines [41] and converters. Electricity prices for residential, commercial, and industrial consumers for all the countries are taken from Gerlach et al. [42] . The electricity prices for Mongolia and North Korea are assumed to be similar to China. The prices for South Korea are assumed to be similar to Japan. The electricity prices for 2030 are calculated according to the assumption from Gerlach et al. [42] that grid electricity prices rise by 5% per annum for <€0.15/kWh, by 3% per annum for €0.15-0.30/kWh, and by 1% per annum for >€0.30/kWh. The excess electricity generated by the prosumers is assumed to be fed into the grid for a transfer selling price of €0.02/kWh. The prosumers have to satisfy their own annual demand before they can sell electricity to the grid. The financial and technical assumption for the RE-SNG value chain including liquefaction, LNG shipping, and regasification are given in the Supplementary Materials (Table S5) .
The potential for biomass resources are taken from the German Biomass Research Centre [43] and divided into three categories: biogas, solid waste, and solid biomass [23] . The costs related to all the biomass resources are calculated using the data from the International Energy Agency [44] and Intergovernmental Panel on Climate Change [45] . The lower heating values of all the biomass fuels are considered. The calculated potentials for biogas, solid waste, solid biomass, and respective costs are provided in the Supplementary Materials (Tables S6 and S7 ). For the solid fuels used for waste incineration, a gate fee of €50/ton is assumed, which is reflected in the negative cost for the solid waste (Supplementary Materials Table S7 ).
Feed-In for Solar and Wind Energy
The feed-in profiles for single-axis tracking PV, optimally tilted PV, solar CSP, and wind energy were calculated according to Bogdanov and Breyer [23] . The calculated full load hours for single-axis tracking PV, optimally tilted PV, solar CSP, and wind power plants are presented in the Supplementary Materials (Table S8 ). The aggregated profiles of solar PV single-axis tracking and wind energy power generation, normalized to maximum capacity and averaged for East Asia, are presented in Figure 5 . average cost of capital (WACC) is set to 7% for all scenarios, but for residential PV prosumers WACC is set to 4% due to lower financial return requirements. The technical assumptions for the simulation are presented in the Supplementary Materials (Tables S2-S4 ). The numbers are related to energy to power ratios for storage technologies, efficiency for generation and storage technologies, and power losses in HVDC power lines [41] and converters. Electricity prices for residential, commercial, and industrial consumers for all the countries are taken from Gerlach et al. [42] . The electricity prices for Mongolia and North Korea are assumed to be similar to China. The prices for South Korea are assumed to be similar to Japan. The electricity prices for 2030 are calculated according to the assumption from Gerlach et al. [42] that grid electricity prices rise by 5% per annum for <€0.15/kWh, by 3% per annum for €0.15-0.30/kWh, and by 1% per annum for >€0.30/kWh. The excess electricity generated by the prosumers is assumed to be fed into the grid for a transfer selling price of €0.02/kWh. The prosumers have to satisfy their own annual demand before they can sell electricity to the grid. The financial and technical assumption for the RE-SNG value chain including liquefaction, LNG shipping, and regasification are given in the Supplementary Materials (Table S5) .
The feed-in profiles for single-axis tracking PV, optimally tilted PV, solar CSP, and wind energy were calculated according to Bogdanov and Breyer [23] . The calculated full load hours for single-axis tracking PV, optimally tilted PV, solar CSP, and wind power plants are presented in the Supplementary Materials (Table S8 ). The aggregated profiles of solar PV single-axis tracking and wind energy power generation, normalized to maximum capacity and averaged for East Asia, are presented in Figure 5 . 
Upper and Lower Limits on Installed Capacities
The lower and upper limits on all the RE technologies, optimally tilted PV, wind turbines, hydro power, and for pumped hydro storage were calculated according to Bogdanov and Breyer [23] . The data for already installed capacities (lower limits) for optimally tilted PV, wind turbines, hydro 
The lower and upper limits on all the RE technologies, optimally tilted PV, wind turbines, hydro power, and for pumped hydro storage were calculated according to Bogdanov and Breyer [23] . The data for already installed capacities (lower limits) for optimally tilted PV, wind turbines, hydro power, and pumped hydro storage for East Asian sub-regions are taken from Farfan and Breyer [7] .
The summary of the lower limits on already installed capacities in the East Asian sub-regions is given in the Supplementary Materials (Table S9 ). For hydro power plants and pumped hydro storage, the upper limits on capacities are assumed to be 150% and 200% of the already installed capacities, respectively. The upper limits of all technologies are given in the Supplementary Materials (Table S10) . The upper limits for all the other technologies are not specified. However, for biomass residues, biogas, and waste-to-energy plants it is assumed, due to energy efficiency reasons, that the available and specified amount of the fuel, as summarized in the Supplementary Materials (Table S6) , is utilized during the year.
Load
The power load profile for each region in East Asia is calculated as a fraction of the total demand in that particular country based on synthetic load data weighted by the region's population. The area aggregated load profile for all the sub-regions in East Asia is presented in Figure 6 . Solar PV prosumers have a significant impact on the residual load as observed from overall energy demand and maximum load, which are reduced by 17.7% and 9.6%, respectively. The demand for gas in industries and desalination water demand for the regions in East Asia is given in the Supplementary Materials (Table S11) .
Sustainability 2017, 9, 233 9 of 25 power, and pumped hydro storage for East Asian sub-regions are taken from Farfan and Breyer [7] . The summary of the lower limits on already installed capacities in the East Asian sub-regions is given in the Supplementary Materials (Table S9 ). For hydro power plants and pumped hydro storage, the upper limits on capacities are assumed to be 150% and 200% of the already installed capacities, respectively. The upper limits of all technologies are given in the Supplementary Materials (Table  S10 ). The upper limits for all the other technologies are not specified. However, for biomass residues, biogas, and waste-to-energy plants it is assumed, due to energy efficiency reasons, that the available and specified amount of the fuel, as summarized in the Supplementary Materials (Table S6) , is utilized during the year.
The power load profile for each region in East Asia is calculated as a fraction of the total demand in that particular country based on synthetic load data weighted by the region's population. The area aggregated load profile for all the sub-regions in East Asia is presented in Figure 6 . Solar PV prosumers have a significant impact on the residual load as observed from overall energy demand and maximum load, which are reduced by 17.7% and 9.6%, respectively. The demand for gas in industries and desalination water demand for the regions in East Asia is given in the Supplementary Materials (Table S11 ). 
Results
Cost of an Optimized Energy System
An optimized energy system is obtained for each scenario assumed in this study, which is characterized by optimized installed capacities for RE electricity generation, storage, and transmission for every technology used in the model, which in turn leads to hourly generation of electricity, charging and discharging of storage technologies, import and export of electricity between regions or countries, and curtailment. The key average financial results for the different scenarios are presented in Table 3 . The key numbers represent total system levelized cost of electricity (LCOE) (including PV self-consumption and the centralized system), levelized cost of electricity for primary generation (LCOE primary), levelized cost of curtailment (LCOC), levelized cost of storage technologies (LCOS), levelized cost of transmission (LCOT), total annualized cost, total capital expenditures, total renewables capacity, and total primary generation. 
Results
Cost of an Optimized Energy System
An optimized energy system is obtained for each scenario assumed in this study, which is characterized by optimized installed capacities for RE electricity generation, storage, and transmission for every technology used in the model, which in turn leads to hourly generation of electricity, charging and discharging of storage technologies, import and export of electricity between regions or countries, and curtailment. The key average financial results for the different scenarios are presented in Table 3 . The key numbers represent total system levelized cost of electricity (LCOE) (including PV self-consumption and the centralized system), levelized cost of electricity for primary generation (LCOE primary), levelized cost of curtailment (LCOC), levelized cost of storage technologies (LCOS), levelized cost of transmission (LCOT), total annualized cost, total capital expenditures, total renewables capacity, and total primary generation. From Table 3 , the regional integration benefit can be observed by the reduction of LCOE and total annual costs of the system from the region-wide to area-wide scenario, accounting for 8.3%. The decrease in the LCOE from region-wide to integrated scenario is 20%. The RE-SNG trading scenario gives the lowest cost of electricity and reduces the price by 21% from the region-wide scenario. The RE installed capacities show an increase in the integrated scenarios due to additional demand by the desalination and gas sectors. However, the integrated scenario with SNG trading shows a decrease in installed capacities of RE sources by 2.6% from the integrated scenario due to re-allocation at sites of higher yield that also have to cover the energy demand for the SNG trading, reflected by an increase in generated electricity by 0.7%. The decrease in LCOE is due to the decrease in demand for local storage technologies and importing lower cost energy resources, which also contributes to the slightly lower primary LCOE. The cost of transmitting electricity with HVDC power lines is small in comparison to the cost of storage. Therefore, the total system cost and LCOE are reduced. The LCOE components and the import/export share in the region-wide, area-wide, and integrated scenarios are presented in the Supplementary Materials (Table S12 ). The share of export is defined as the ratio of net exported electricity to the generated primary electricity of a sub-region and the share of import is defined as the ratio of imported electricity to the electricity demand. The area average is composed of sub-regional values weighted by the electricity demand. The transmission lines decrease the need for storage technologies, since energy shifted in time (storage) can be partially substituted by energy shift in the location. Also, the cost of curtailment is reduced when electricity is transmitted to other sub-regions, as seen in Table 3 . Integration of the additional demand sectors for desalination, industrial gas, and RE-SNG trading leads to a decrease in energy storage utilization and a further decrease in primary LCOE. This is observed due to the high flexibility provided by the coupling of different sectors and a decrease in the cost of storage technologies and curtailment. In the case of RE-SNG trading scenario, there is also a decrease in the cost of transmission of electricity, as transmission of electricity is substituted by shipping of gas (Table 3 ).
Installed Capacities of All Technologies in an Optimized Energy System
An overview of the installed capacities of all major energy generation and storage technologies can be found in Table 4 . The installed capacities of all the renewable energy technologies show a decrease with interconnection via HVDC lines. The increase observed in the integrated scenarios is due to the demand from additional energy sectors. The total installed capacities of PV decrease by 21% from region-wide to area-wide scenario due to efficient use of solar resources available in the region and grid interconnection. The installed capacity for wind shows an increase, as in NEA, due to excellent wind conditions and being the least cost energy source. Comparing the two integrated scenarios, RE-SNG trading reduces demand for PV particularly in Japan and East China due to substitution of local gas production by the gas imports. The increase in wind capacities in the RE-SNG trading scenario, particularly in West Australia is due to the utilization of available excellent wind resources and to overcome the solar PV unavailability at night time. Hydro dams provide the system additional supply side flexibility for balancing intermittent solar PV and wind energy generation and it is observed that the capacities of hydro dams reach the upper limits assumed in this study. However, hydro run-of-river being a rather expensive technology compared to solar PV and wind energy with the assumptions in this study, installed capacities do not increase and stay almost equal to the lower limits. Decrease in utilization of storage technologies is observed as the sub-regions are interconnected. The most significant impact can be observed on A-CAES with installed capacities dropping to zero as the grids are connected; these grids provide a lower cost flexibility to the system than A-CAES to balance the variation of the wind on weekly basis [46] . However, increased wind resources in the RE-SNG scenario and a decrease in electricity imports trigger some utilization of A-CAES. The installed capacities for all the RE generation and storage technologies for the East Asian sub-regions for the region-wide, area-wide, and integrated scenarios are shown in Figure 7 . The total installed capacities of PV exceed 50% of the total RE installed capacities in all the scenarios because of excellent solar resources all over the region and PV is the least cost source of electricity. This can be seen from the hourly profile diagrams for Eastern China and Western Australia regions, where PV generation is quite stable also in winter weeks (Supplementary Materials, Figures S3 and S5 ). In the northern and southern parts of China, wind turbines are the next preferred choice of technology, due to excellent wind conditions. Export of this wind energy to high-demand centers is cost-effective as wind is the second-cheapest source of electricity. As seen in Figure 7 , battery storage dominates in East Asia, particularly in Southeast Asia and the Pacific Rim. It can be seen that in regions with high electricity prices, it is cheaper to install PV and battery systems on residential, commercial, and industrial rooftops and consume the produced electricity. In regions with high wind penetration, long-term gas storage is used to cover the demand in periods of low solar and wind resource availability. The interconnection of different sub-regions has a significant effect on total storage output, with A-CAES playing no role in the area-wide scenario. HVDC lines decrease the need for storage technologies due to the efficient use of low-cost RE resources from other sub-regions. An overview of all the capacities, throughput, and full cycles for the storage technologies used is provided in the Supplementary Materials (Table S13) . The aggregated yearly state of charge profile diagrams for battery, PHS, hydro dam, and gas storage is provided in the Supplementary Materials ( Figure S8 
Grid Utilization in East Asia
The utilization of the grid in East Asia seems to be restricted to Northeast Asia and Southeast Asia as individual regions. In Northeast Asia, export and import of electricity is prominent due to high electricity demand, short distances between load centers, and proper utilization of renewable energy resources available in the region. An important observation that can be made in Northeast Asia is the export of electricity from Mongolia, which is negligible in comparison to its available vast wind potential. The LCOE for wind is slightly lower in North China than in Mongolia, so it is one of the major exporting regions. In the regions of Southeast Asia, trading of electricity seems to happen only in the Mekong countries, Indonesia, and Malaysia. There seems to be no benefit of HVDC lines connecting Australia with ASEAN, since there is no transmission of electricity despite much lower primary generation costs in Australia. Local storage technologies are more cost competitive than long HVDC power lines [22] . The same is found for the offered HVDC power line connection of the Philippines to Korea, Japan, China, and Malaysia. The total import and export in the sub-regions of East Asia for the area-wide and integrated scenarios are shown in Figures 8 and 9 , respectively. The interregional electricity trade profile between the East Asian regions is shown in the Supplementary Materials ( Figure S7 ). It can be seen that most of the electricity trading is in the winter months due to less solar radiation. The utilization of the grid in East Asia seems to be restricted to Northeast Asia and Southeast Asia as individual regions. In Northeast Asia, export and import of electricity is prominent due to high electricity demand, short distances between load centers, and proper utilization of renewable energy resources available in the region. An important observation that can be made in Northeast Asia is the export of electricity from Mongolia, which is negligible in comparison to its available vast wind potential. The LCOE for wind is slightly lower in North China than in Mongolia, so it is one of the major exporting regions. In the regions of Southeast Asia, trading of electricity seems to happen only in the Mekong countries, Indonesia, and Malaysia. There seems to be no benefit of HVDC lines connecting Australia with ASEAN, since there is no transmission of electricity despite much lower primary generation costs in Australia. Local storage technologies are more cost competitive than long HVDC power lines [22] . The same is found for the offered HVDC power line connection of the Philippines to Korea, Japan, China, and Malaysia. The total import and export in the sub-regions of East Asia for the area-wide and integrated scenarios are shown in Figures 8 and 9 , respectively. The interregional electricity trade profile between the East Asian regions is shown in the Supplementary Materials ( Figure S7 ). It can be seen that most of the electricity trading is in the winter months due to less solar radiation. The benefit due to grid integration for a region as big as East Asia is very limited due to long distances of power lines and local storage technologies being cost competitive. A comparison of the key parameters is made with the simulation results of individual regions of Southeast Asia [22] and Northeast Asia [23] . This is presented in Table 5 , and shows that the total annual cost of the system is reduced by 0.4% in the area-wide scenario and 0.7% in the integrated scenario for fully geographically integrated East Asia, compared to separated Northeast and Southeast Asia. The LCOE for East Asia is €61.1 and 52.9/MWh for the area-wide and integrated scenarios, respectively. The integration of the two regions does not significantly affect the LCOE. It can be seen that the LCOE for the East Asian region is lower than NEA for both the scenarios. The regions that benefit most from the integration of Southeast Asia and Northeast Asia are South China and the Mekong countries. A reduction of LCOE by 6% is observed, enabled by the HVDC connection between South China and the Mekong region of Vietnam, Laos, and Cambodia. This was due to the efficient use of the generated electricity and decrease in the use of storage technologies. The hourly profile diagrams for a representative week for South China, which is an The benefit due to grid integration for a region as big as East Asia is very limited due to long distances of power lines and local storage technologies being cost competitive. A comparison of the key parameters is made with the simulation results of individual regions of Southeast Asia [22] and Northeast Asia [23] . This is presented in Table 5 , and shows that the total annual cost of the system is reduced by 0.4% in the area-wide scenario and 0.7% in the integrated scenario for fully geographically integrated East Asia, compared to separated Northeast and Southeast Asia. The LCOE for East Asia is €61.1 and 52.9/MWh for the area-wide and integrated scenarios, respectively. The integration of the two regions does not significantly affect the LCOE. It can be seen that the LCOE for the East Asian region is lower than NEA for both the scenarios. The regions that benefit most from the integration of Southeast Asia and Northeast Asia are South China and the Mekong countries. A reduction of LCOE by 6% is observed, enabled by the HVDC connection between South China and the Mekong region of Vietnam, Laos, and Cambodia. This was due to the efficient use of the generated electricity and decrease in the use of storage technologies. The hourly profile diagrams for a representative week for South China, which is an exporting region with good wind resources, and the region of Vietnam, Laos, and Cambodia, which profits from interconnection with South China, are shown in the Supplementary Materials ( Figures S4 and S6) , respectively.
RE-SNG Trading
The cost of the re-gasified SNG for the three regions, with the assumptions from Fasihi et al. [27] , is shown in Table 6 . It should be noted that Fasihi et al. [27] do not consider additional demand in the system such as power and desalination. This can have an influence on the final cost of the re-gasified SNG. The key results of the integrated RE-SNG trading scenario are summarized in Table 7 for the importing and exporting regions. These represent LCOE, levelized cost of local gas (LCOG) production, imported gas, blended gas at importing region, total annualized cost, annual import and export of gas, total electricity demand for producing gas, losses due to curtailment of electricity, losses due to use of turbines, losses in the grid due to import and export, total import of electricity, power-to-gas output, total installed capacities of RE technologies, installed capacities of PV, and wind. These results are compared with the integrated scenario to point out the benefits of the RE-SNG trading. The exporting region is West Australia, which is blessed with abundant solar and wind potential, and the importing regions are East China, Korea, and Japan. The optimized energy system is obtained for the integrated RE-SNG trading scenario, with the assumptions for the RE-SNG value chain, which is characterized by the optimal mix of RE technologies, gas storage and transportation and electricity transmission. The total annualized cost for East Asia in the RE-SNG trading scenario decreases by 1% compared to the integrated scenario. It can be seen that RE-SNG trading does not add any additional cost to the system and it is beneficial in decreasing the cost of electricity. However, on an individual regional basis, the importing regions show an increase in LCOE due to the additional cost of storage and increase in curtailment, hence fair benefit sharing is required. Australia has the lowest local gas production cost due to the availability of abundant low-cost solar and wind resources in the region. East China has the highest local gas production cost due to higher primary electricity production cost. It can be seen from Table 7 that the local gas production cost of Korea is higher than of Australia and it would be beneficial for Korea to import gas from Australia, but due to additional integration of power sector demand in the system and the main constraint of the system optimization being to minimize the cost of the whole system this does not happen. The cost of the LNG imports is similar for all the importing regions. The total LCOG for Korea is the highest, higher than the local production cost. However, for Japan and East China the total LCOG is lower than the local production cost for those regions. The total annual cost of the system for East Asia decreases by approximately €9 billion annually in the RE-SNG trading scenario in comparison to the integrated scenario. The importing regions benefit the most in terms of reduction of the annual cost of the system due to a decrease in PtG output as gas is readily available from West Australia and also due to a decrease in the import of electricity for producing gas from the neighboring regions. It can be observed in Table 7 that Korea does not import any gas due to the availability of cheap electricity from Northeast China. The RE-SNG trading scenario reduces the electricity demand by 0%-76% in the gas sector depending on the importing region due to a reduction in the PtG output, which is replaced by an increase in the use of low-cost electricity in West Australia for producing gas. The curtailment losses in the system for the RE-SNG trading scenario decreases for the gas importing regions due to proper utilization of the resources available in the region. The installed capacities of gas turbines show an increase in the RE-SNG scenario and in turn increase the efficiency losses due to these turbines (Table 7 ). The losses due to import of electricity are reduced in the RE-SNG trading scenario due to a decrease in import of electricity in the gas-importing regions, as electricity imports are replaced by imports of gas.
Energy Flow for the Optimized Energy System for East Asia
The findings of this study for an integrated scenario from generation to demand are presented in an energy flow diagram (Figure 10 ). The energy flow diagram consists of RE resources, storage technologies, and transmission of this energy via HVDC grids. The end use of electricity for the integrated scenario consists of power, desalination, and industrial gas demand. The losses incurred in the system are divided into losses, which are comprised of efficiency and grid losses, and the potential usable heat from biomass, biogas, and waste-to-energy power plants, heat generated from electrolyzers for transforming power to hydrogen, the methanation process transforming hydrogen to methane, and the methane-to-power conversion in gas turbines. The energy flow diagrams for region-wide and area-wide scenarios are presented in the Supplementary Materials ( Figures S1 and S2) , respectively. 
Discussion
It is observed that the total levelized cost of electricity in East Asia decreased by 20.2% from the region-wide to integrated scenario and the total annual cost of the system decreased by 8.3% from the region-wide to area-wide scenario. The cost incurred due to installation of HVDC lines in the area-wide scenario is overcompensated for by a decrease in installed capacities of renewable energy generation and storage, which enables a decrease of respective efficiency losses. Import of low-cost electricity from different regions also enables a decrease in curtailment of electricity. The increase in the total system cost in the integrated scenario is due to the additional demand sectors of seawater desalination and industrial gas demand, for which the system installs additional RE capacities. In the case of the integrated RE-SNG trading scenario, the total annualized cost of the system decreased by 1% from the integrated scenario. The RE-SNG value chain cost does not increase the total cost of the total area due to efficient use of available resources, a decrease in electricity imports for gas production, a decrease in the losses in the system, and a decrease in the use of gas storage in the area.
The impact of connecting different regions with HVDC power lines can be observed in the decrease in the total levelized cost of electricity. The integration of SEA and NEA does not create any substantial additional benefit to the system, since the costs are reduced by 0.4%-0.7%, depending on the scenario. The impact is limited to regions that are not far apart and where local storage technologies are more expensive than the transmission of electricity. Due to long distances and local storage technologies being more cost-competitive, low-cost RE from Australia cannot be exported to high demand centers in Indonesia and further into China due to high transmission costs. The increasing cost competitiveness of storage compared to grids had already been found for Northeast Asia [47] . However, according to research done by Taggart et al. [4, 18] , large scale connectivity of different regions would cancel out the need for large-scale storage technologies, to which the authors of this research agree to some extent, since such an effect can be observed in the decrease in need for storage technologies from the region-wide to the area-wide scenario. Additionally, the storage demand is only reduced by 25% and not substituted entirely. According to Zenya and Blakers et al. and [20, 21] , transmission of electricity would be beneficial from Australia to China and Asia but the findings from this research contradict these expectations because they have not anticipated the low- 
The impact of connecting different regions with HVDC power lines can be observed in the decrease in the total levelized cost of electricity. The integration of SEA and NEA does not create any substantial additional benefit to the system, since the costs are reduced by 0.4%-0.7%, depending on the scenario. The impact is limited to regions that are not far apart and where local storage technologies are more expensive than the transmission of electricity. Due to long distances and local storage technologies being more cost-competitive, low-cost RE from Australia cannot be exported to high demand centers in Indonesia and further into China due to high transmission costs. The increasing cost competitiveness of storage compared to grids had already been found for Northeast Asia [47] . However, according to research done by Taggart et al. [4, 18] , large scale connectivity of different regions would cancel out the need for large-scale storage technologies, to which the authors of this research agree to some extent, since such an effect can be observed in the decrease in need for storage technologies from the region-wide to the area-wide scenario. Additionally, the storage demand is only reduced by 25% and not substituted entirely. According to Zenya and Blakers et al. and [20, 21] , transmission of electricity would be beneficial from Australia to China and Asia but the findings from this research contradict these expectations because they have not anticipated the low-cost potential of storage technologies against the cost of transmission of electricity from Australia to China. In addition, a full hourly resolution enables a much better matching of the various flexibility options and the complementarity of the solar and wind resources. Our findings suggest that local storage technologies are more cost-effective than transmission of electricity over distances of thousands of kilometers. A similar finding had been observed for the integration of the regions of Europe, Eurasia and MENA, for which the integration benefit was 1.3% [48] . East Asia and EuropeEurasiaMENA show the same characteristic, that a deep integration from a region-wide to an area-wide integration within a region is highly beneficial in the range of 5%-16%, since this had been found for all five major regions involved: Northeast Asia (11%) [23] , Southeast Asia (5%) [22] , Europe (11%) [49] , Eurasia (16%) [50] , and MENA (10%) [51] ), but not for an integration of two neighboring major regions. Very long power lines between 1500 and 2000 km or more do not generate financial benefits, as found so far for Northeast Asia [47] . Other limiting factors include an inability to integrate the vast wind resource potential of Northwest Russia for Europe [52] , utilize excellent solar and wind resources in the Maghreb region for synthetic fuel production [53] , and connect Australia to East Asia, as shown in this article. The main reason in all the above cases is the same: the costs related to the transmission of low-cost solar and wind electricity are too high compared to local energy storage for the case of very long power lines.
However, from this research the authors have found that long-distance shipping of RE-SNG is cost-effective for some regions, in this case for East China and Japan, due to low primary electricity generation costs in West Australia, the comparably low additional cost of about 17% for the LNG value chain (liquefaction, shipping and re-gasification), and the high cost of local gas production. Some regions, in this case Korea, do not benefit from such a trading connection due to favorable economics for local gas production and electricity imports from neighboring regions. As the main aim of the optimization is to minimize the total annual system cost for the entire area, the least cost system is obtained without imports to Korea and limited imports to East China and Japan.
PV technologies play an important role in the East Asian region, especially in Southeast Asia, due to good solar irradiation most of the year and PV being the least cost source of electricity in most of Southeast Asia. In Northeast Asia, wind energy plays an equally important role in periods of low solar irradiation, especially in the northern and eastern parts of China, as wind energy is the second-cheapest electricity source and is ideal for use in winter and periods of low solar radiation. According to the Advanced Energy [R]evolution transition scenario [19] for 2030 by Greenpeace, solar PV will have the highest share of the installed capacities of renewables, with wind complementing during periods of low solar radiation. However, fossil fuels will still be present in the energy generation mix. According to this research, a 100% sustainable low-cost energy system is possible for 2030, with solar PV and wind playing a major role.
The storage requirements for East Asia are mainly based on batteries (59% of the total storage throughput), with prosumer batteries having a significant share in regions with high prosumer PV installations (41% of the total battery throughput is represented by prosumer batteries). In Southeast Asia, due to a high influence of solar PV into the system, batteries play a vital role on a daily basis, providing electricity for the evening peak load. In Northeast Asia, for regions with high wind energy penetration into the system, gas storage is used as a long-term storage, as it helps store wind energy and discharges in periods of low solar and wind energy resource availability. The output of batteries and gas storage is between 59%-78% and 7%-28% of the total stored electricity, respectively.
The integrated scenario provides the required flexibility to the system in compensating for seasonal fluctuations. In addition, it can provide the possibility of covering the natural gas demand in the industrial sector by generating synthetic natural gas by power-to-gas technology and providing clean water in water-stressed areas by SWRO desalination. The abundance of solar and wind resources in East Asia does not create any resource constraint for the additional electricity required for producing SNG and renewable water. The more flexibility can be made available for the energy system, the better intermittent RE sources can be integrated. The sources of flexibility are interconnected regions via grids, supply side management (e.g., hydro dams, biomass plants), demand side management, storage, and sector coupling. The hourly simulation for East Asia did not show unsolvable challenges to run a 100% RE system that uses all flexibility options. The applied upper limits for solar and wind resource limitation had been 4% and 6% of the total area for wind and solar energy, respectively. Utilizing both technologies in the same area would reduce the required maximum area. These limits have been utilized in the simulated scenarios by less than 30% and less than 4% for wind and solar energy, respectively. The investigated energy sectors represent about 50% of the total primary energy demand. Thus, a 100% RE system would require areas well below the set upper limits.
In addition, integrated RE-SNG trading allows the possibility of utilizing to a higher extent the abundant solar and wind potential in Australia by converting electricity to gas via the PtG process and shipping it to large industrial gas demand centers in China, Korea, and Japan. It is found that the large-scale transmission of electricity over long distances is not cost-competitive against local storage solutions. The gas imported by East China and Japan is equivalent to 65% and 74% of the total industrial gas demand, respectively. The decrease in PtG output for East China (64%) and Japan (75%) in comparison to the integrated scenario is due to importing cheaper gas from Australia rather than the local production of gas and using the electricity to meet the power demand. The gas import causes a decrease in the electricity imported to East China and Japan. The PtG output remains the same for Korea as it does not import any gas, but it imports electricity from Northeast China and produces its own gas due to favorable economics. Interestingly, not all locally produced gas is substituted by imported gas, despite the lower levelized cost of gas. This indicates a quite high gas sector integration benefit due to the high flexibility of electrolyzer units, which can be activated in hours of highest availability of low-cost resources.
The excess heat generated by the system as a byproduct of various processes such as biogas and biomass CHP plants, waste-to-energy incinerators, gas turbines, electrolyzers ,and methanation plants could be used to meet the heating demand in the industrial sector. Also, the excess electricity curtailed by the system could be converted to heat, stored in heat storage, and utilized to meet the heating demand. For the area-wide scenario the usable heat generated is 1095 TWh th per year, and for the integrated scenario it is 1500 TWh th per year. The higher usable heat in the integrated scenario is due to a higher absolute curtailment of electricity. The waste heat generated as a byproduct of biomass and biogas plants is evenly distributed over the year.
PV prosumers play a vital role in the power sector and influence the system, especially in regions where end-user electricity is higher in cost. For PV self-consumption to make an impact, its LCOE must be lower than the end-user electricity purchasing price, but it can be higher than the total system LCOE. For example, in Australia the cost of electricity is quite high, so wide-scale installation of PV on residential, commercial, and industrial rooftops can be observed here. In East Asia, PV self-consumption constitutes 18%-23% of the total generation mix depending on the scenario.
The results obtained for a 100% renewable energy based system show the available least expensive RE electricity generation option when compared to non-renewable low carbon technology options in Europe such as nuclear energy, natural gas, and coal carbon capture and storage [54] , which can only partly comply with the climate change mitigation policy for a low-carbon-based energy system. According to Agora Energiewende [54] , the LCOE of the alternatives are €112/MWh for a new nuclear plant (assumed for 2023 in the United Kingdom and Czech Republic), €112/MWh for gas CCS (assumed for 2019 in the United Kingdom, and €126/MWh for coal CCS (assumed for 2019 in the United Kingdom). A report by the European Commission [55] indicates that CCS technology will not be available until 2030, and a report by Citigroup questions whether it will ever be profitable at all [56] . The results obtained are lower in cost than the high-risk options, which have several disadvantages like CO 2 emissions from power plants with CCS technology, health risks due to heavy metal emissions from coal fired power plants, diminishing fossil fuel reserves, proliferation risk, nuclear meltdown, and unsolved nuclear waste disposal problems. Also, nuclear fission has limitations similar to those mentioned above. The associated financial and human research and development resources spent will not solve the energy problems in the world [57] .
Conclusions
In East Asia, a 100% RE-based system is achievable based on the 2030 assumptions applied in this study. The renewable energy sources can cover the electricity demand for power, SWRO desalination, RE-SNG local demand, and exports using the PtG technology. The creation of an integrated East Asian region merging SEA and NEA does not have a significant benefit in terms of the cost of electricity or the total annual cost of the system. Also, utilization of vast renewable energy resources in Australia via HVDC lines to the ASEAN countries and China seems to be non-existent due to long distances and the associated cost of transmission of electricity being higher than the cost of local storage technologies in those regions. The total LCOE of the system for East Asia is €52-61/MWh. The benefit observed by integrating NEA and SEA to East Asia is in the total annual cost of the system, which is lowered by 0.4%-0.7% depending on the scenario. The regions at the border made up of Vietnam, Laos, Cambodia, and South China benefit most due to efficient use of the available renewable energy resources and the decrease in demand for storage due to HVDC connection to high consumption centers in the southern part of China. The energy system in East Asia will be based on around 50% PV and 30% wind given the assumptions of this study. PV is mainly dominant in SEA due to favorable climatic conditions and wind plays a vital part in NEA.
However, production of RE-SNG from the available electricity in West Australia and exporting it to high-demand centers seems to be beneficial for East China and Japan. The cost of electricity and the total annual cost of the system are lowest for the integrated RE-SNG trading scenario among the four scenarios studied. This proves that Australia could become a hub for liquefaction of RE-based SNG by utilizing the abundant solar and wind potential. However, more such cases need to be analyzed around the world for better understanding of RE-SNG trading scenarios. It has been not fully resolved why it does not seem to be beneficial for Korea to import RE-SNG despite a comparably higher local SNG production cost than Japan and East China. However, the sectorial integration benefit of the gas sector seems to be higher in Korea. In addition, neither Japan nor East China has shown the full local SNG production substituted, despite a higher absolute local SNG production cost, most likely due to the high value of gas sector integration.
A 100% renewable energy system for East Asia seems to be highly attractive, in particular due to the fact that it costs less than the subsidies for a coal-based energy system. It also offers a fully sustainable option complying with the climate change mitigation targets.
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